The N-terminal extension (NTE) of plant phytochromes has been suggested to play a functional role in signaling photoinduced structural changes. Here, we use resonance Raman spectroscopy to study the effect of the NTE on the chromophore structure of B-type phytochromes from two evolutionarily distant plants. NTE deletion seems to have no effect on the chromophore in the inactive Pr state, but alters the torsion of the C-D ring methine bridge and the surrounding hydrogen bonding network in the physiologically active Pfr state. These changes are accompanied by a shift of the conformational equilibrium between two Pfr substates, which might affect the thermal isomerization rate of the C-D double bond and, thus, account for the effect of the NTE on the dark reversion kinetics.
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Keywords: chromophore structure; N-terminal extension; plant phytochrome; resonance Raman spectroscopy Light-dependent development in plants is regulated principally by phytochromes, a family of photoreceptors harboring the tetrapyrrole phytochromobilin (PΦB) as the light-absorbing chromophore [1] [2] [3] (Fig. 1) . A photoinduced reaction cascade, starting with a double bond isomerization of the cofactor, leads to the conversion of the red-adsorbing Pr state to the far-red absorbing Pfr state which is the physiologically active form. Important insight into the molecular processes of the photosensor module (PSM) has been obtained from bacterial and cyanobacterial representatives of this photoreceptor family [1] [2] [3] . However, despite similar reaction steps and structural changes in the chromophore-binding pocket, the signaling process by which the PSM transduces its structural changes to the cell is quite different in prokaryotic and plant phytochromes [4] [5] [6] . In particular, although most prokaryotic phytochromes are light-repressed histidine protein kinases signaling from the C-terminal transmitter module, plant phytochromes are active in the Pfr state, signaling from the PSM directly. The domain structure of plant phytochromes is also more complex, with an additional PAS-PAS module separating the PSM and the transmitter-like module. Moreover, although prokaryotic phytochromes carry an N-terminal extension (NTE) of only about 20 residues, in plant Abbreviations A-B/C-D, C=C stretching of the AB/CD methine bridge; ARR, Arabidopsis response regulator; GAF, cGMP phosphodiesterase/adenylyl cyclase/FhlA; HDX, H/D exchange with mass spectrometry; HOOP, hydrogen-out-of-plane; N-H ip, N-H in-plane bending; NTE, N-terminal extension; PAS, Per/Arnt/Sim; PCB, phycocyanobilin; phyA/B, phytochrome A/B; PHY, phytochrome-specific; PIF, phytochrome interaction factor; Pr/Pfr, red/far-red absorbing form of phytochrome; PSM, photosensory module; PΦB, phytochromobilin; RR, resonance Raman.
phytochromes this is much larger, comprising ca. 110 and 70-75 residues in B-and other types, respectively (Fig. 1) . In phyB, the NTE is likely to interact with the PSM since it affects the dark reversion from the Pfr to the Pr state [7] . Furthermore, recent H/D exchange probed by mass spectrometry (HDX) provided evidence for Pr/Pfr-dependent differences [8] . In Arabidopsis, the NTE is bound by the response regulator-like protein ARR4 which also thereby regulates the rate of reversion [9, 10] . Furthermore, it contains phosphorylation sites that affect the spectral characteristics as well as the binding of the phytochrome interaction factor 3 (PIF3) [11, 12] . 3D structural information about the NTE and its interaction with the PSM are not yet available. Despite its limited resolution, the recently determined PSM crystal structure for Arabidopsis phyB in the Pr state [7] reveals far-reaching similarities in particular to Cph1 from the cyanobacterium Synechocystis 6803 [13] on account of their similar protein-chromophore linkage. However, crystallized variants of phyB and Cph1 are devoid of any structural information for NTE.
The present work focuses on the role of the NTE in phyB using resonance Raman (RR) spectroscopy, a method that selectively probes the structure of the chromophore and its interactions with the molecular environment [14] [15] [16] . By comparing phyB from evolutionarily distant plants, the dicotyledon Arabidopsis thaliana (AtphyB) and the monocotyledon Sorghum bicolor (SbphyB) and their deletion variants lacking the NTE (AtDNTE, SbDNTE) with phytochrome A3 from Avena sativa (AsphyA), we provide insight into structural details of the chromophore-binding pocket of plant phytochromes and the impact of the NTE on the photoinduced formation of the functional Pfr state.
Materials and methods

Protein expression and purification
AtphyB with and without the NTE was expressed, purified, and assembled with PCB as described previously [8] . The photosensory module SbphyB with or without the NTE was produced from pCDFDuet-based constructs together with PΦB or PCB in Escherichia coli to form the holoprotein in vivo following procedures similar to those established for prokaryotic phytochromes [17, 18] . Both recombinant phytochromes carried a C-terminal His 6 -tag for Ni-affinity purification, followed by size-exclusion chromatography to give a chromophore/protein absorbance ratio of ca. 1.4 and 1.15 for the variants with and without the NTE, respectively (Fig. S1 ). In the case of the PCB adducts, close similarities are apparent between the equivalent PSM constructs from Sorghum and Arabidopsis with and without the NTE. In the case of SbphyB, the native PΦB adduct showed the expected bathochromic shifts in the red and far-red peaks of Pr and Pfr concomitant with the p electron system extending into the D-ring side chain.
Resonance Raman spectroscopy
Samples were concentrated in aqueous TS50 buffer (50 mM Tris-Cl, 300 mM NaCl, 5 mM EDTA, pH = 7. performed with an RFS-100 FT-Raman spectrometer (Bruker Optics, Ettlingen, Germany), equipped with an 1064 nm Nd-YAG laser (670 mW) and a Linkam (Resultec, Illerkirchberg, Germany) cryostat. Measurements were performed at À140°C. Each spectrum is based on 1000-2000 single interferometer scans, corresponding to accumulation times between 30-60 min per spectrum. All spectra processing was performed using the OPUS suite. Further experimental details are given elsewhere [14] [15] [16] .
Results
The RR spectra of the Pr and Pfr parent states of PΦB and PCB adducts of Avena (oat) phyA3 (AsphyA) have been analyzed in detail previously [15, 16] and now serve as a reference for the comparison with the corresponding data for phyB with and without the larger NTE. Here, we focus on three spectral regions characteristic of the specific structural parameters of the chromophore and its interactions with the immediate molecular environment. In the region between 1520 and 1680 cm À1 , the spectra of the Pr state are dominated by three peaks originating from the N-H in-plane bending of rings B and C (N-H ip), and the C=C stretching modes of the CD and AB methine bridges ( Fig. 2A ; see Fig. 1C for ring notation). In As-phyA, these modes are found at 1575 (N-H ip), 1626 (C-D), and 1646 cm À1 (A-B), reflecting the ZZZssa geometry of the fully protonated PΦB chromophore ( Fig. 1 ) [15] . Between 750 and 850, the spectra display less intense bands including the C-H out-of-plane deformation coordinates (HOOP). In AsphyA, the most pronounced band at 802 cm À1 is a HOOP mode of the CD methine bridge and is
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Resonance Raman spectra of the Pr state of (A) As-phyA and (B) Sb-phyB including the PΦB chromophore, and (C) Sb-phyB, (D) At-phyB, and (E) As-phyA including the PCB chromophore. The red traces in (B), (C), and (D) refer to the variants lacking the NTE segments (DNTE). The spectra in (A) and (E) have been published earlier [15] .
accompanied by a shoulder at 795 cm À1 . Finally, the carbonyl stretching modes of the terminal pyrrole rings give rise to weak RR bands at 1712 and 1729 cm À1 .
On the basis of previous IR studies [19] , these bands are readily assigned to the C=O stretching of ring D and A, respectively.
The Pr state of phyB
The spectra of the PΦB adducts of SbphyB and AsphyA (Fig. 2B ) are nearly identical, indicating that even structural details of the chromophore and its interactions with the protein environment agree well. For AsphyA, structural models revealed very similar chromophore geometries for PΦB and PCB, implying that the different substitution at ring D (vinyl vs. ethyl) does not perturb the interactions with the protein [15, 16, 20] . Thus, the differences in the RR spectra between the AsphyA adducts can mainly be attributed to the intrinsic effect of the side chain difference on the cofactor modes, including the frequency upshift of the C-D (1626-1637 cm
À1
) and A-B (1646 to ca. 1650 cm
) stretching modes in the PCB adduct due to the reduced length of the delocalized p-electron system that is also reflected by the UV-vis absorption spectra (Fig. S1 ). The notable differences between the PCB adducts of SbphyB and AsphyA (Fig. 2C, E) are, therefore, quite surprising. In SbphyB, a distinctly larger upshift of the C-D stretching to 1643 cm À1 is observed, such that the putatively invariant A-B stretching mode (ca. 1650 cm
) is largely obscured. This finding points to a structural change at the CD methine bridge leading to a decrease in the N(C)-C-C-C(D) dihedral angle, according to previous theoretical analyses [14, 15] . Most likely, this distortion originates from the specific structure of the chromophore-binding pocket in SbphyB in the vicinity of ring D, which stabilizes a similar PΦB structure to that in AsphyA but, unlike in the latter, small geometrical adjustments are necessary to accommodate PCB. Subtle structural alterations compared to AsphyA seem to occur also in AtphyB (Fig. 2D) . Here, however, the C-D stretching remains unchanged, whereas the 6-cm À1 upshift of the CD HOOP mode compared to AsphyA may be taken as a small decrease in the C(C)-C-C-N(D) dihedral angle. Thus, we conclude that the chromophore structure differs only in small details between oat phyA and the two phyB orthologs. These small differences also include the hydrogen bonding network as reflected by minor differences between the C=O stretching frequencies of the rings A and D. In the Pr state, the RR spectra show no significant differences between the SbphyB and AtPhyB variants with regard to the presence of an NTE.
The Pfr state of phyB
Both the Pr and the Pfr state of AsphyA display a structural heterogeneity in the chromophore binding site [16, 21] , but RR spectroscopy only distinguishes a temperature-dependent equilibrium between substates in the case of Pfr (Pfr-I, Pfr-II) [16] . Each of these Pfr substates adopts a protonated ZZEssa chromophore structure. However, the torsion between the rings C and D probably differs by ca. 10°as implied by two bands originating from the HOOP mode, separated by 16 and 8 cm À1 in the PΦB and PCB adducts, respectively ( Figs 3A and 4A) . The intensity ratio of these bands can be taken as a measure for the relative populations of the substates. This conformational heterogeneity is also reflected in the region between 1600 and 1620 cm À1 , albeit less clearly visible due to the superposition of four components, that is, for each conformer a strongly RR-active C=C stretching mode of the CD methine bridge at lower frequency and a C=C stretching mode of ring D a higher frequency, which exhibits weaker RR intensity [16] . Based on isotopic labeling and temperature-dependent measurements, it could be shown that Pfr-I is associated with the low-frequency HOOP mode and the high-frequency C-D stretching component, whereas the highfrequency HOOP and low-frequency C-D stretching originate from Pfr-II. This interpretation may also be extended to the SbphyB and AtphyB variants including the NTE, which show a similar HOOP mode ratio and only small adduct-related frequency differences (Figs 3 and 4) . Also, the other marker bands between 1500 and 1800 cm À1 are similar within the experimental accuracy, and the most pronounced frequency shifts refers to the ring D C=O stretching, which is lowered by 7 cm À1 in the PCB adducts of the phyB PSM.
The effect of the NTE on the chromophorebinding pocket
Unlike Pr, the deletion of the NTE segment has a remarkable effect on the RR spectra of Pfr. For the PCB adducts, we note a downshift of the high-frequency HOOP component from 816 cm À1 in SbphyB (AtphyB: 814 cm À1 in) to 811 cm À1 , accompanied by a reversal of the intensity ratio between the low and high-frequency components, which reflects an increase in the Pfr-I/Pfr-II population ratio ( Fig. 3B-E) . Accordingly, this shift of the conformational equilibrium is accompanied by a growth of the high-frequency C-D stretching component (vide supra), which can in fact account for the intensity increase in the 1618-cm À1 shoulder. Concomitant to the redistribution among the substate population, we note a small downshift of the N-H ip mode from 1556 to 1554 cm À1 , indicating an alteration of the hydrogen bond interactions in the chromophore pocket [22] . The same interpretation may hold for the 5-cm À1 upshift of the C=O stretching of ring D from 1705 to 1710 cm À1 . Interestingly, upon deletion of the NTE, the RR spectra become very similar to that of the PSM of cyanobacterial phytochrome Cph1D2, including the distribution among the conformational substates ( Figs 3F and 4D ) [16, 23] . In contrast, such far-reaching similarities with Cph1D2 do not exist for the RR spectra of the Pr state, neither for phyA nor for phyB [15, 22, 23] . For the PΦB adducts the effect of NTE deletion is smaller than for the PCB adducts, but with respect to the changes in the substate populations the same tendency can be derived from intensity redistribution of the composite peak of the two HOOP modes (Fig. 4B, C) .
Discussion
The present results demonstrate a state-dependent interaction between the chromophore and the NTE in phyB. This interaction is similar for phyB from A. thaliana and S. bicolor, suggesting that it represents a general characteristic of phyB. The impact of these interactions on the chromophore-binding pocket is small and only observed in the Pfr state. It comprises a perturbation of the hydrogen bonding network and the CD portion of the chromophore, reflected by a shift in the conformational Pfr-I/Pfr-II equilibrium. Both effects, which most likely constitute the molecular basis for the hypsochromic shift of the electronic absorption in NTE deletion variants (Fig. S1 ) [7, 8] , are presumably linked although no conclusions can be drawn about possible cause-effect relationships between them. The NTE undergoes structural changes upon Pr ? Pfr photoconversion as demonstrated by recent HDX experiments [8] . These studies identified several regions within the NTE that display a slower exchange in Pfr (compared to Pr), indicating a restructuring of the NTE. One region close to the AB rings of the chromophore that displays changes in the HDX rates links the C terminus of the NTE with the start of the PAS domain (Y104-I108). However, the altered dynamics of this region does not affect the geometry at the AB rings of the chromophore upon Pr ? Pfr transition, consistent with the RR data. All other regions in the NTE with HDX rates altered by photoconversion probably lack direct contact with the chromophore itself [8] . This implies that only indirect interactions are able to explain the observed effect of the NTE on the structural changes of the bilin chromophore. Our packing model for the NTE/PSM interactions suggested that in the Pfr state a stretch with comparably slow intrinsic HDX rates (P28-Q36) may interact with the b1 strand of the GAF domain and its adjacent loop [8] (Fig. 5) . A prominent part of this strand is Y276, which forms crucial interactions with the chromophore and which upon mutation to histidine forms a strongly fluorescent, Pfr-mimicking signaling state in darkness [24] . Interactions between the b1GAF strand and the NTE could hence affect the CD ring surroundings and account for the RR spectroscopic differences between the wild-type and NTE deletion variants. A second candidate for an indirect interaction site for the NTE is the tongue region of the PHY domain ( Fig. 5) , which is thought to undergo major structural changes next to the chromophore upon photoconversion. Overall, it appears that indirect interactions of the CD ring surroundings with the NTE suffice to affect the chromophore geometry and thereby its photochemistry. The conformational coupling of the NTE segment and the chromophore-binding pocket are probably of functional importance. It has been shown previously that dark reversion kinetics of phyB is substantially accelerated upon removal of the NTE segment [7] . This may in fact be related to the structural differences compared to the complete PSM, reflected by the shift of the conformational equilibrium between the substates Pfr-I/Pfr-II which mainly differ by CD methine bridge torsion and the hydrogen bond network around the chromophore. This conformational heterogeneity has only been observed for cyanobacterial and prototypical bacteriophytochromes that, like plant phytochromes, thermally revert to the Pr state. In contrast, bathy bacteriophytochromes exhibit a highly homogeneous chromophore structure in the Pfr state that does not decay to the Pr state [14] . It was, therefore, concluded that thermal CD methine bridge isomerization, which is presumably the rate-limiting step for dark reversion, runs via one of the Pfr substates. In phyB, NTE deletion increases the population of the substate associated with a larger C(14)-C(15)-C(16)-N (D) dihedral angle [14] , which might lower the energy barrier for the rotation around the C(15)-C(16) bond as one important parameter promoting E ? Z isomerization. Also, the changes of the hydrogen bond interactions induced by NTE deletion might contribute to the acceleration of the dark reversion via favoring the transient formation of the enol form of the chromophore as the essential mechanistic step of thermal double bond isomerization [25] . 
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